Transcriptional Control of Photosynthesis Genes: The Evolutionarily Conserved Regulatory Mechanism in Plastid Genome Function by Puthiyaveetil, Sujith et al.
Transcriptional Control of Photosynthesis Genes: The
Evolutionarily Conserved Regulatory Mechanism in Plastid
Genome Function
Sujith Puthiyaveetil
1, Iskander M. Ibrahim
1, Branka Jelic ˇic ´
2, Ana Tomas ˇic ´
2, Hrvoje Fulgosi
2, and
John F. Allen*
,1
1School of Biological and Chemical Sciences, Queen Mary, University of London, London, United Kingdom
2Department of Molecular Biology, RuCer Bos ˇkovic ´ Institute, Zagreb, Croatia
*Corresponding author: E-mail: j.f.allen@qmul.ac.uk.
Accepted: 6 November 2010
Abstract
Chloroplast sensor kinase (CSK) is a bacterial-type sensor histidine kinase found in chloroplasts—photosynthetic plastids—in
eukaryoticplantsandalgae.Usingayeasttwo-hybridscreen,wedemonstraterecognitionandinteractionsbetween:CSK,plastid
transcriptionkinase(PTK),and a bacterial-typeRNA polymerasesigma factor-1(SIG-1).CSKinteracts with itself, withSIG-1, and
with PTK. PTK also interacts directly with SIG-1. PTK has previously been shown to catalyze phosphorylation of plastid-encoded
RNApolymerase(PEP),suppressingplastidtranscriptionnonspeciﬁcally.Phospho-PTKisinactiveasaPEPkinase.Here,wepropose
thatphospho-CSKactsasaPTKkinase,releasingPTKrepressionofchloroplasttranscription,whileCSKalsoactsasaSIG-1kinase,
blocking transcription speciﬁcally at the gene promoter of chloroplast photosystem I. Oxidation of the photosynthetic electron
carrierplastoquinonetriggersphosphorylationofCSK,inducingchloroplastphotosystemIIwhilesuppressingphotosystemI.CSK
places photosystem gene transcription under the control of photosynthetic electron transport. This redox signalingpathway has
its origin in cyanobacteria, photosynthetic prokaryotes from which chloroplasts evolved. The persistence of this mechanism in
cytoplasmic organelles of photosynthetic eukaryotes is in precise agreement with the CoRR hypothesis for the function of
organellargenomes:the plastidgenome and its primarygeneproducts are Co-located for RedoxRegulation. Genesare retained
in plastids primarily in order for their expression to be subject to this rapid and robust redox regulatory transcriptional control
mechanism, whereas plastid genes also encode genetic system components, such as some ribosomal proteins and RNAs, that
exist in order to support this primary, redox regulatory control of photosynthesis genes. Plastid genome function permits
adaptation of the photosynthetic apparatus to changing environmental conditions of light quantity and quality.
Key words: chloroplast sensor kinase, plastid transcription kinase, sigma factor, cytoplasmic inheritance, protein
phosphorylation, Co-location for Redox Regulation (CoRR).
Plastids are cytoplasmic organelles of plant and algal cells
(Kirk and Tilney-Bassett 1978). They contain DNA, RNA, ri-
bosomes, and a complete apparatus of gene expression.
Chloroplasts are green, chlorophyll-containing plastids (Link
1996) that contain this cytoplasmic genetic system in close
association with a complete photosynthetic apparatus that
useslightenergytoreleaseoxygenfromwater,makesaden-
osine triphosphate, and assimilates atmospheric carbon di-
oxide. Photosynthesis in chloroplasts involves an electron
transport chain containing two photosystems, I and II (Hill
and Bendall 1960). Each photosystem contains a photo-
chemical reaction center together with its associated
light-harvesting pigments (Blankenship 2002). Chlorophyll
and prosthetic groups of the two reaction centers are lo-
cated in the chloroplast thylakoid membrane where they
are bound by membrane intrinsic apoproteins. Reaction
center apoproteins are products of genes in chloroplast
DNA (Ohyama et al. 1986; Shinozaki et al. 1986). Photosys-
tem I and II are connected in series for noncyclic electron
transport, and so their rates of light energy conversion must
be equal. Efﬁciency in utilization of absorbed light energy is
maintained by adjustment of light-harvesting antenna size
(Bonaventura and Myers 1969; Murata 1969; Allen et al.
1981) and also by adjustment of the stoichiometry of the
two photochemical reaction centers (Melis et al. 1989;
Chow et al. 1990; Murakami et al. 1997). These
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GBEadjustments occur in response to changes in spectral com-
position of incident light that would otherwise favor one
photosystem at the expense of the other.
Both of these types of adjustment involve a sensor of the
reduction–oxidation—‘‘redox’’—state of an electron carrier,
plastoquinone, linking the two photosystems, and mainte-
nance of a null position whereby electrons enter the plasto-
quinone pool from photosystem II and leave for
photosystem I at the same rate (Allen 1995). Any transient
departure from this steady state initiates changes that re-
store it. In the case of photosystem stoichiometry adjust-
ment, reduced plastoquinone induces photosystem I and/
or represses photosystem II, whereas oxidized plastoqui-
none induces photosystem II and/or represses photosystem
I( Pfannschmidt, Nilsson, and Allen 1999; Pfannschmidt,
Nilsson,Tullberg,etal.1999;AllenandPfannschmidt2000).
Photosystem stoichiometry refers to the quantity of pho-
tosystem I (PS I) relative to that of photosystem II (PS II) in the
photosynthetic, thylakoid membrane ofchloroplasts andcy-
anobacteria. Changes in photosystem stoichiometry occur
as acclimatory responses to changes in light quality (Melis
et al. 1989; Chow et al. 1990; Fujita 1997; Murakami
et al. 1997) and are initiated by changes in the redox state
of the interphotosystem electron carrier, plastoquinone (PQ)
(Pfannschmidt, Nilsson, and Allen 1999; Pfannschmidt,
Nilsson, Tullberg, et al. 1999; Allen and Pfannschmidt
2000). In mustard chloroplasts, photosystem stoichiometry
adjustments involve regulation of both photosystem I and
photosystem II reaction center genes (Pfannschmidt, Nilsson,
and Allen1999; Pfannschmidt, Nilsson, Tullberg, et al. 1999).
However, in Arabidopsis and pea (Pisum sativum) chloro-
plasts, only photosystem I genes seem to be regulated at
the level of transcription (Tullberg et al. 2000; Fey et al.
2005; Puthiyaveetil and Allen 2008; Shimizu et al. 2010),
consistent with the model proposed for cyanobacteria by
Fujita (1997) (Murakami et al. 1997).
Chloroplastsensorkinase(CSK)isasensorhistidinekinase
that communicates the redox state of plastoquinone to the
chloroplasttranscriptionalapparatus,initiatingtheappropri-
atechangeinphotosystemstoichiometry(Puthiyaveetiletal.
2008).Thepreciseupstreammechanismofredoxsensingby
CSKisunderinvestigationbutnotyetknown.Here,wereport
on downstream events involving interactions between CSK
and candidates for its cognate transcriptional regulator.
Plastid transcription kinase (PTK) is one candidate. PTK is
aproteinkinasethatcatalyzesphosphorylationofoneormore
proteinsactingasregulatorycofactorsofthechloroplastRNA
polymerase(Baginskyetal.1999;Ogrzewallaetal.2002).An-
other candidate for the interaction partner of CSK is chloro-
plast sigma factor-1 (SIG-1) (Shimizu et al. 2010). SIG-1 has
beenshown,likeCSK,toberequiredforrepressionofthepsaA
gene, which encodes a reaction center apoprotein of photo-
systemI(Shimizuetal.2010).LikeCSK,chloroplastsigmafac-
tors (Schweer et al. 2009, 2010) indicate that chloroplasts
retain a prokaryotic type of transcriptional regulatory system
(Tilleretal.1991)actingonachloroplast-encodedbacterial-
typeRNApolymerase(Suzukietal.2004).Athirdproposal
for a chloroplast redox response regulator is a 34 kDa
FIG.1 . —Phylogeny of CSK. CSK is present in all major plant and algal lineages and evolved from a cyanobacterial sensor histidine kinase. Bayesian
posterior probabilities are shown above nodes, PHYML 3.0 bootstrap values are shown below nodes. The name of each taxon is colored according to
the major photosynthetic pigment characteristic of that group.
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chloroplast protein of 34 kDa) (Weber et al. 2006). TCP34 is
a DNA-binding protein containing a tetratricopeptide motif
andexhibitingsequencehomologywithbacterialresponse
regulators (Weber et al. 2006).
Conservation of CSK throughout the
Evolutionary Transition from
Endosymbiont to Subcellular
Organelle
Figure1showsaphylogenetictreeofCSK.Phylogeneticanal-
ysisofCSKrevealsCSKorthologuesinallmajorplantandalgal
lineages.Cyanobacteriallineagesalsocontainarecognizable
CSKhomolog,conﬁrmingtheevolutionaryoriginofthischlo-
roplast protein from cyanobacteria. CSK orthologues in dia-
tomsandphaeophytesclusterwiththeredalgalCSK(ﬁg.1),
consistent with the secondary symbiotic origin of diatom
and phaeophycean plastids from red algae. Interestingly,
a CSK ortholog is also found in ‘‘chromatophores’’—in
this context, cyanobacterial endosymbionts—of the
amoeboid eukaryote Paulinella chromatophora.T h e
symbiotic origin of Paulinella chromatophores has an in-
dependentevolutionaryhistoryfromthesymbioticevent
that gave rise to chloroplasts (Nowack et al. 2008).
The phylogenetic analysis presented in ﬁgure 1and table1
also reveal an interesting feature of molecular evolution
in CSK. CSK occurs as a canonical sensor histidine kinase
in cyanobacteria, red algae, diatoms, and phaeophytes
(table1),whereasingreenalgaeandplants,CSKisamod-
iﬁed histidine kinase as the conserved histidine autophos-
phorylation site in CSK has been lost in these lineages.
Studies in cyanobacteria suggest that the NarL-type
response regulator ycf29 is the cognate partner of CSK
(Sato et al. 2007). CSK seems to retain its cognate re-
sponse regulator partner in cyanobacteria and in non-
green algae (table 1) but not in green algae and
plants—lineages in which CSK occurs as a modiﬁed histi-
dine kinase (table 1). The evolutionary loss of a bacterial-type-
response regulator from chloroplasts may therefore correlate
with a modiﬁed kinase activity of CSK (Puthiyaveetil and Allen
2009). CSK nevertheless regulates chloroplast transcription in
plants (Puthiyaveetil et al. 2008). Nonresponse regulator part-
ners of CSK were thus speciﬁcally sought in our study.
Interactions of CSK
In order to investigate protein–protein interactions between
CSK and its putative functional partners, we undertook
a yeast two-hybrid analysis. Figure 2 shows the results of
the yeast two-hybrid screen. Figure 2A shows growth of
all bait–prey combinations in a medium lacking leucine
and tryptophan, conﬁrming the successful transformation
of yeast cells with both bait and prey plasmids. Figure 2B
shows growth of yeast cells in a medium lacking leucine,
tryptophan, and histidine. Growth on this latter medium re-
ports on interactions of bait and prey proteins, which to-
gether activate the HIS reporter gene, enabling yeast cells
to grow in a medium lacking histidine. Figure 2B shows that
functional interactions occurred between the following
pairs of bait and prey proteins: CSK with CSK; CSK with
SIG-1; PTK with CSK; PTK with SIG-1; ferredoxin-NADP
þ re-
ductase (FNR) with IA2. FNR and IA2 are two chloroplast
proteins that are known to interact (Kuchler et al. 2002)
and are therefore used as a positive control as in Juric et al.
(2009).Thebait–preycombinationFNR/220isusedasaneg-
ative control as these chloroplast proteins do not interact
(Juric et al. 2009) and are thus unable to permit growth
in a medium lacking histidine (ﬁg. 2B). The combinations
Table 1
Distribution of CSK, ycf29, and PTK in Photosynthetic Organisms
Taxonomic Group/Organism CSK Ycf29 PTK
Cyanobacteria
Nostoc punctiforme PCC 73102 þþ 
Cyanothecesp. PCC 7425 þþ 
Synechococcussp. WH 5701 þþ 
Paulinella chromatophora þþnk
NPN PNP
Rhodophytes
Cyanidioschyzon merolae þ   þ  
Phaeophytes
Ectocarpus siliculosus þ þ    
Bacillariophytes
Fragilariopsis cylindrus þ þ    
Phaeodactylum tricornutum þ þ    
Thalassiosira pseudonana þ þ    
Viridiplantae
Ostreococcus tauri þ    þ 
Ostreococcus lucimarinus þ    þ 
Micromonas pusilla þ    þ 
Chlorella sp. NC64A þ    þ 
Chlamydomonas reinhardtii      þ 
Physcomitrella patens þ    þ 
Picea sitchensis þ nk  þ 
Oryza sativa þ    þ 
Zea mays þ    þ 
Lotus japonicus þ    þ 
Vitis vinifera þ    þ 
Populus trichocarpa þ    þ 
Arabidopsis thaliana þ    þ 
NOTE.—The plus (þ) indicates the presence and the minus ( ) indicates the
absence of CSK or ycf29 or PTK. The abbreviation ‘‘nk’’ indicates that the complete
genome sequence for that taxon is not available, so the presence or absence of CSK or
ycf29 or PTK is not known. The subcategories ‘‘N’’ and ‘‘P’’ in the CSK, ycf29, and PTK
occurrence column stand for ‘‘nuclear’’ and ‘‘plastid,’’ respectively, and indicate the
genetic compartment in which these proteins are encoded. For P. chromatophora, both
CSK and ycf29 genes are found in the chromatophore genome. The accession numbers
of C. punctiforme PCC 73102 CSK and ycf29 homologs are ACC82407 and
ACC80206, respectively; for C. sp. PCC 7425, ACK71103 and ACK71358; for S.sp.
WH 5701, EAQ75489, and EAQ76691. The taxonomic group ‘‘Viridiplantae’’ means
‘‘Green Plants,’’ and includes green algae, lower, and higher plants.
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signed to reveal self-activation of the bait proteins—CSK
and PTK. The sparse growth of these negative controls
(ﬁg. 2B) rules out self-activation of the bait proteins.
Figure 3 shows validation of the protein–protein interac-
tions inferred from the results in ﬁgure 2 by use of a second
reporter gene, b-galactosidase. This gene is under the con-
trol of a separate promoter from that of the HIS reporter
gene, and its activation is therefore an independent mea-
sure of interaction. The results from the b-galactosidase as-
say shown in ﬁgure 3 are also indicative of the relative
strength of the different protein–protein interactions.
Among the test combinations, CSK/CSK shows the highest
degreeof interaction; followed by CSK/PTK, with CSK/SIG-1
and PTK/SIG-1 showing weaker and more or less equal in-
teractions (ﬁg. 3). The results in ﬁgures 2 and 3 suggest
clearly that TCP34 does not interact with CSK or PTK.
Our results therefore do not support the response regulator
function of TCP34 in plant chloroplasts.
CSK Acts on Transcriptional
Regulators in Control of
Photosynthesis Gene Expression
Arabidopsis knockout mutants of the CSK gene are unable
to repress photosystem I genes in photosystem I light and
therefore cannot regulate the relative quantities of photo-
system I and photosystem II (Puthiyaveetil et al. 2008).
Sigma factors assist RNA polymerase in promoter recogni-
tion and DNA-melting, two processes that determine faith-
ful and efﬁcient transcription (Wosten 1998). Chloroplast
sigma factors are cyanobacterial in origin (Tiller et al.
1991), as is CSK (Puthiyaveetil et al. 2008). As many as
six sigma factors are found in Arabidopsis chloroplasts (Ly-
senko 2007). SIG-1 has been shown to be phosphorylated
under PQ oxidizing conditions, when incident light favors
photosystem I (light 1) (Shimizu et al. 2010). Phosphorylated
SIG-1 represses transcription at psa (photosystem I reaction
center) promoters while efﬁciently transcribing psb (photo-
system II) promoters (Shimizu et al. 2010). SIG-1 phosphor-
ylation is part of the control of gene expression involved in
photosystem stoichiometry adjustments, but the identity of
the SIG-1 kinase is yet to be revealed (Shimizu et al. 2010).
Here, we propose that CSK is the SIG-1 kinase based on
the following observations. First, CSK function and SIG-1
phosphorylation havethe same gene expressionphenotype,
which is suppression of psa genes (Puthiyaveetil et al. 2008;
Shimizu et al. 2010). This identical gene-regulatory property
of these two proteins suggests they are part of the same
signal transduction pathway. Secondly, CSK and SIG-1 inter-
act in vivo in yeast (ﬁgs. 2 and 3). Thirdly, oxidized PQ, the
signal for sigma factor phosphorylation, is also the signal
that promotes the kinase activity of CSK (Ibrahim IM,
Puthiyaveetil S, Allen JF, unpublished data). The high degree
of interaction between CSK monomers, as noted in our
yeast two-hybrid assay (ﬁgs. 2 and 3), suggests that CSK ex-
ists as a homodimer in its functional form. This property of
CSK is consistent with the proposed signal sensing function,
as dimerization is well known in bacterial sensor kinases
(Wolanin et al. 2002).
PTK is a eukaryotic serine/threonine protein kinase of the
casein kinase II family (Baginsky et al. 1999). PTK is usually
found associated with the plastid-encoded RNA polymerase
(PEP), acting as a global regulator of chloroplast transcrip-
tion (Link 2003). In low light conditions, PTK keeps chloro-
plast transcription at a low level by phosphorylating
PEP—phosphorylated PEP transcribes chloroplast genes less
effectivelythanunphosphorylatedPEP(Baginskyetal.1999;
Baena-Gonzalez et al. 2001). A single subunit of PEP—the
72 kDa b’ subunit—is usually found in its phosphorylated
form in low light (Baginsky et al. 1999; Baena-Gonzalez
et al. 2001). PTK from mustard (Sinapis alba L.) can also
phosphorylate SIG-1 in vitro (Ogrzewalla et al. 2002). These
observations, taken together with our yeast two-hybrid re-
sults (ﬁgs. 2 and 3), suggest that PTK nonspeciﬁcally sup-
presses chloroplast transcription in low light by
phosphorylating PEP structural (b’ subunit) and regulatory
(sigma factor) subunits.
Speciﬁcity in Transcriptional
Regulation of Plastid Genes for
Reaction Center Proteins of
Chloroplast Photosystem I and
Photosystem II
Light1(photosystemIlight) andlight2(photosystemIIlight)
are selective for electron transport through photosystem I or
photosystem II only when light intensity is rate limiting for
photosynthesis, and other factors, such as CO2 concentra-
tion or temperature, are not. For selective transcriptional
control of reaction center gene transcription in Arabidopsis
thaliana, these ‘‘low light’’ conditions correspond to photon
ﬂux densities of the order of 12 lEm
 2 s
 1 (Puthiyaveetil
and Allen 2008). Because PTK-mediated suppression of
chloroplast transcription occurs at low incident light inten-
sity (Baena-Gonzalez et al. 2001), it is interesting to ask how
might speciﬁc reaction center gene transcription be
achievedinlight1and2?Wesuggestthat,underthesecon-
ditions, the activity of PTK is overridden by two regulatory
proteins—CSK and an as yet unidentiﬁed PEP phosphatase
(ﬁg. 4A and B).
We thus propose that in light 1, in order to bring about
speciﬁc down-regulation of psa genes, PTK becomes in-
hibited (ﬁg. 4A). Phosphorylation inhibits PTK (Link 2003),
and yet no PTK kinase has previously been identiﬁed. In
the light of the strong interaction between CSK and PTK
found in our yeast two-hybrid assay (ﬁgs. 2 and 3), we here
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phorylation and inactivation of PTK. CSK itself then cata-
lyzes phosphorylation of SIG-1, which has the effect of
repressing only psa transcription. As discussed earlier, psb
transcription is unaffected by SIG-1 phosphorylation, thus
the quantity of photosystem II increases in light 1 relative
to photosystem I (ﬁg. 4A)( Shimizu et al. 2010). In light
2, however, when photosystem I is rate limiting, sigma fac-
tors are predicted to become dephosphorylated to relieve
the repression on psa genes (ﬁg. 4B). The nonspeciﬁc sup-
pression ofchloroplast genes byPTK must alsobecountered
bysomemeans.Thephospho-PEPphosphatasecanperform
both of these functions by dephosphorylating SIG-1 as well
asthePEPstructuralsubunits(ﬁg.4B).Whethersuchaphos-
pho-PEP phosphatase is constitutively active or regulated by
redox signals remains to be seen.
We suggest that PTK, a eukaryotic-type protein kinase,
displaced an analogous prokaryotic-type response regulator
as the functional partner of CSK in a two-component reg-
ulatorysystem.Thisproposalissupportedbythedistribution
FIG.2 . —Yeast two-hybrid analysis based on the activation of the reporter gene HIS. Different combinations of bait and prey proteins are indicated
above the growth plates. FNR/220, CSK/pBD, and PTK/pBD are negative controls. Test combination of bait and prey proteins are CSK/CSK, CSK/SIG-1,
CSK/TCP34, PTK/CSK, PTK/SIG-1, and PTK/TCP34. The combination FNR/IA2 is the positive control. (A) Yeast cells growing on synthetic SD media plates
lacking leucine and tryptophan. The growth of all bait and prey combinations in this medium conﬁrms successful transformation of yeast cells with both
bait and prey plasmids. (B) Growth of yeast cells in SD media plates without leucine, tryptophan, and histidine. The growth in –His plates require the
activation of the histidine biosynthetic gene (His reporter gene), which in turn requires the functional interaction between bait and prey proteins.
FIG.3 . —Yeast two-hybrid analysis as a function of the b-galactosidase assay. Activation of the b-galactosidase reporter gene (lacZ gene), which is
driven by a separate promoter from the HIS reporter gene, requires functional interaction between bait and prey proteins. b-galactosidase activity is also
a measure of the strength of interaction, with higher activity suggesting stronger interaction. One b-gal unit hydrolyses 1 lmol of o-nitrophenyl-b-D-
galactopyranoside (ONPG) to o-nitrophenol and galactose per minute at pH 7.5 and 37  C. Error bars indicate the standard error of the mean of 3
individual measurements, with each measurement representing a different sample.
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ages (table 1). PTK seems to be present in lineages that have
lostycf29,thussupportingthenotionofPTKreplacingycf29
as the functional partner of CSK.
We conclude that regulation of photosystem stoichiom-
etry inchloroplasts(Allen1995,2005;Pfannschmidt,Nilsson,
and Allen 1999) results from effects ofthe redoxstate of the
plastoquinone pool on reversible phosphorylation of CSK,
PTK, and SIG-1. These proteins interact with each other
and together comprise the redox signal transduction path-
way that acts to regulate transcription of chloroplast reac-
tioncentergenesinresponsetoimbalanceinratesofenergy
conversion in photosystems I and II (Pfannschmidt, Nilsson,
andAllen1999;Pfannschmidt,Nilsson,Tullberg,etal.1999;
Allen and Pfannschmidt 2000; Puthiyaveetil and Allen
2008). This genetic switch has been retained from the cya-
nobacterial ancestor of chloroplasts (Puthiyaveetil and Allen
2009) and is a transcriptional analog of posttranslational
modiﬁcation of the activity of photosystem I and II by phos-
phorylation of chloroplast light-harvesting complex II (Allen
et al. 1981; Allen 1992). Redox control of transcription (Allen
1993c) has been proposed as a necessary condition for the
retention, in evolution, of the genetic systems of chloroplasts
and mitochondria as extranuclear, cytoplasmic elements that
produce non-Mendelian inheritance of characters associated
with photosynthesis and respiration in eukaryotic cells (Allen
1993a, 1993b; Race et al. 1999)—the ‘‘CoRR’’ hypothesis
(Allen 2003a, 2003b; Allen et al. 2005). The results de-
scribed here are in agreement with CoRR and further
resolve the mechanism by which a modiﬁed bacterial
two-component system continues to operate in chloroplasts
in order to secure a functionally intelligible adjustment of the
FIG.4 . —The proposed chloroplast signal transduction pathway coupling the redox state of the photosynthetic electron carrier plastoquinone in
the chloroplast thylakoid membrane with initiation of transcription of chloroplast DNA at the promoter regions of the genes psa (encoding reaction
center proteins of photosystem I) and psb (encoding reaction center proteins of photosystem II). (A) Under light 1, a rate-limiting low light selective for
photosystem I, electron ﬂow through photosystem I (PS I) has a greater potential than that through photosystem II (PS II), and so PQ pool is maintained
in its oxidized form. CSK is autophosphorylated and active as a protein kinase using both SIG-1 and PTK as substrates: SIG-1 and PTK are thus
maintained in their phosphorylated forms. Phospho-SIG-1 represses transcription at the psa promoter while allowing transcription of psb genes.
Phospho-PTK is inactive; therefore, it cannot suppress chloroplast transcription nonspeciﬁcally, and under this circumstance, only CSK-mediated—via
phospho-SIG-1—speciﬁc repression of psa genes occurs. This differential reaction center gene transcription increases the stoichiometry of photosystem
II relative to photosystem I. (B) Under light 2, a rate-limiting low light selective for photosystem II, electron ﬂow through photosystem I (PS I) has a lower
potential than that through photosystem II (PS II), and so PQ pool is maintained in its reduced form (PQH2). CSK is inactive as a protein kinase. The
repression of psa genes, occurred during light 1, is now relieved by the action of a PEP phosphatase that catalyzes dephosphorylation of phospho-SIG-1.
As a result, PS I transcription increases. Under this light condition, PTK is active as a protein kinase acting on subunits of PEP. However, the action of PEP
phosphatase overrides PTK activity by dephosphorylating both SIG-1 as well as PEP subunits so that nonspeciﬁc repression of reaction center genes is
counteracted. The increase in photosystem I transcription in light 2, therefore, leads to an increase in photosystem I units relative to photosystem II.
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Materials and Methods
Phylogenetic Analysis
Multiple alignment of the amino acid sequence correspond-
ingtothecatalyticdomainofCSKanditshomologswasgen-
erated across a representative selection of photosynthetic
eukaryotes and cyanobacteria using ClustalX and adjusted
manually using Jalview (Clamp et al. 2004). CSK tree was re-
constructed from 91 characters. Bayesian phylogeny was
computed using Mr. Bayes 3.1 (Ronquist and Huelsenbeck
2003)from2,000,000generations dividedbetween twopar-
allel runs of 1,000,000, each with sampling every 1,000 gen-
erations. The substitution model was inferred using a mixed
model of amino acid substitution, and rate across sites var-
iation was modeled on a discrete gamma distribution ap-
proximated using 4 gamma categories and 1 category of
invariable sites. Bootstraps were generated using PHYML
3.0 (Guindon and Gascuel 2003) using the Whelan and
Goldman substitution model and rate across sites variation
modeled on an approximate gamma distribution using 4
gamma categories and one category of invariable sites.
Yeast Two-Hybrid Analysis
The yeast two-hybrid assay employed in our study is based
on the GAL4 system (Stratagene). Bait proteins were fused
to the activation domain (AD) and prey proteins to the bind-
ing domain (BD). cDNAs encoding bait proteins are there-
fore cloned into the pAD-Gal4-2.1 vector and prey
cDNAs into the pBD-GAL4 vector. A cDNA fragment encod-
ing the kinase domain (Q301-A611) of Arabidopsis CSK
(product of gene At1g67840) was ampliﬁed (for primers,
see supplementary table 1, Supplementary Material online)
from a full-length CSK cDNA clone used in an earlier study
(Puthiyaveetil et al. 2008). This was then used as a bait pro-
tein. In order to study whether CSK forms dimers, the same
cDNA region of CSK was also used as a prey protein. The
other prey proteins tested as candidates of CSK’s partner
were SIG-1 (product of gene At1g64860) and TCP34 (prod-
uct of gene At3g26580). For SIG-1, the cDNA region encod-
ing the mature Arabidopsis protein (A81-N502) was
ampliﬁed (primers, supplementary table 1, Supplementary
Material online) from the full-length Arabidopsis Biological
Resource Centre (ABRC) clone U16526. For TCP34, the
cDNA region encoding the mature Arabidopsis protein—
without the C-terminal transmembrane anchor—(L28-G324)
was ampliﬁed (primers, supplementary table 1, Supplemen-
tary Material online) from the ABRC clone U24715. The ma-
ture Arabidopsis PTK protein (A56-Q432) was also used as
a bait. The cDNA region encoding the mature PTK protein
(product of gene At2g23070) was ampliﬁed (primers, sup-
plementary table 1, Supplementary Material online) from
the ABRC clone U15758. The prey proteins tested against
thePTKbaitwereCSK;SIG-1;andTCP34.ThecDNAregions
cloned for these prey proteins were the same as those de-
scribed above. In a negative control, the complete FNR pro-
tein was used as the bait against the ‘‘220’’ domain of the
TROL protein, essentially as described (Juric et al. 2009). In
additional negative controls, CSK and PTK bait proteins
were tested for self-activation by using BD—encoded by
thepBD-GAL4vector—aspreyproteins.Thepositivecontrol
uses the complete FNR protein as bait and the ‘‘IA2’’ domain
of Tic62 protein as prey, as described previously (Juric et al.
2009). Successful cloning of bait and prey plasmids were
conﬁrmed by DNA sequencing. All bait and prey plasmid
combinations were transformed using LiAc method into
the yeast strain Saccharomyces cerevisiae YF53 (Mata
ura3–52 his3–200 ade2–101 lys2–801 trp1–901 leu2–
3,112 gal4–542 gal80–538, with HIS3 and lacZ reporter
gene constructs LYS2::UASGAL1–TATAGAL1–HIS3 and UR-
A3::UASGAL4 17 mers (x3)—TATACYC1–lacZ). Yeast trans-
formants were selected on synthetic dropout (SD) media
without leucine and tryptophan. Protein–protein interac-
tions were detected by growth on SD media lacking leucine,
tryptophan, and histidine and by the b-galactosidase assay.
b-galactosidase activity was determined from yeast cultures
by the method of Adams et al. (1997). All assays were
performed in duplicates from three independent colonies
in 0.5 ml of reaction buffer, and b-galactosidase units were
calculated as described (Feilotter et al. 1994).
Supplementary Material
Supplementary table 1 is available at Genome Biology and
Evolutiononline (http://www.gbe.oxfordjournals.org/).
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